Introduction
The molecular renaissance and technological advances in single cell manipulations have transformed microbiology. Particularly, molecular techniques have allowed investigation of previously intractable questions, leading to a conceptual departure from the first clause of Baas-Becking's 'Everything is everywhere. . .' [1, p. 15] ; multiple studies have shown that microorganisms may be dispersal limited [2] . In contrast, few studies have examined the second clause '. . .but the environment selects' [3] . Updated, Baas-Becking implies that a population will establish as long as a cell can disperse to a physiologically favourable environment. A corollary is the laboratory dogma that microbial contamination may result from the introduction of a single cell. Microbial systems have long been used to describe the consequences of competition and predator-prey dynamics observed in metazoan populations [4] . Because density-dependent mechanisms limit colonization in metazoans (as reviewed by [5] ), establishment for microorganisms may be less straightforward than assumed.
One such density-dependent phenomenon is the Allee effect. An Allee effect ( positive density-dependence) is characterized by reduced per capita growth rate at small populations [6] compared with large ones, and has been observed in Mollusca, Arthropoda and Chordata (as reviewed in [7] ). A strong Allee effect occurs when the per capita growth rate is negative for some small population size, which gives rise to a critical density [5] . This critical density can be detected in the relationship between a population's probability of establishment and its initial size (see [8] ). A strong Allee effect induces a sigmoidal relationship with an inflection point at the threshold [8] . In contrast, for populations without a strong Allee effect, the probability of establishment will be a concave function of initial density owing to demographic stochasticity. Previously, Allee effects have been observed in experimental and natural populations of metazoans, with important implications for the management of vulnerable or invasive populations [9, 10] . While microbes have been engineered to display an Allee effect [11, 12] , this is the first study, to the best of our knowledge, to explore their existence in an environmentally isolated microorganism.
Here, we report on a combined theoretical/empirical study to detect intrinsic and extrinsic demographic Allee effects in experimental populations of a marine bacterium (Vibrio fischeri, strain ES114 pVSV102; [13] ). Populations with an intrinsic demographic Allee effect have a lower per capita growth rate at low densities when compared with higher population densities. In contrast, an extrinsic demographic Allee effect results from higher per capita predation risk at low prey densities. In our experiments, V. fischeri populations were propagated from a range of inoculum sizes, a subset of which were also exposed to predation by Cafeteria roenbergensis. The success or failure of establishment was used to estimate the strength of the demographic Allee effects. This study shows that one cell may not be adequate to initiate a population, especially in nature where growth conditions, including predation, are suboptimal.
Methods (a) Experiment
The presence of a demographic Allee effect was examined using a partial 2 Â 2 factorial design for a total of three treatments. Populations of V. fischeri were inoculated with geometrically increasing numbers of viable cells in high carbon (HC; 1 -64 cells, n ¼ 36 per density) and low carbon (LC; 1 -2048 cells, n ¼ 24 per density) resource environments; a portion of the populations with low resources were exposed to predation (LCP; n ¼ 12 per density) by C. roenbergensis. High precision inoculum sizes were achieved by flow cytometry; cells were individually sorted into media-filled well plates with a final volume of 200 and 75 ml into HC and LC, respectively. Well-mixed populations were incubated at 288C for 96 h before assessing population establishment (DOD 620 ! 0.25; see electronic supplementary material).
(b) Model fitting
The presence of a strong Allee effect alters the probability of establishment as a function of initial population density from an inverse exponential decay relationship as expected with demographic stochasticity to sigmoidal. The two-parameter Weibull function can take on either of these shapes depending on the value of a single parameter, k. Here, a two-parameter Weibull is defined as, p ¼ 1 À e ðÀx=lÞ k , where p is the probability of establishment, x is the ln(initial population density (cells ml 21 )) and l is a scale parameter. Interpreting this model as the probability of invasion gives rise to a binomial distribution with likelihood
, where y is the total number of successes in n replicates. The shape (k) and scale (l) parameters were simultaneously estimated by fitting this equation to individual trial data (see electronic supplementary material).
Results
The proportion of populations establishing increased and the time to detection decreased nonlinearly with initial density (figure 1), indicating reduced growth rate at low density populations (table 1). The estimated shape parameter, k, was greater than 1 for all three treatments, indicating an Allee effect in all cases (figure 2). The scale parameter, l, was also greater than 0, implying that the density needed for a positive growth rate was larger than 1 cell ml 21 (figure 2).
Discussion
This study shows a class of phenomena important in macroscopic systems may be relevant to single-celled organisms, questioning the Baas-Becking tenet. Specifically, V. fischeri Figure 2 . Parameter estimates suggest Allee effect present in all treatments. The shape parameter, k, tests for the presence of an Allee effect; values greater than 1 indicate a sigmoidal relationship between density and probability of establishment. The critical threshold, as determined by the inflection point, has a theoretical upper bound of
Values of l less than zero imply a critical threshold of less than 1 cell ml
21
, and were considered biologically irrelevant. Point estimates are presented with 95% confidence region. (Online version in colour.) rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160070 populations were subject to both intrinsic and extrinsic demographic Allee effects. The strength of the effect, represented by the critical density, increased with predation and decreasing carbon ( figure 1) . Possibly, even more pronounced Allee effects would be observed in natural marine populations of heterotrophic bacteria where natural concentrations of dissolved organic carbon are up to three orders of magnitude lower than in our experiments [14] . V. fischeri populations subject to C. roenbergensis predation at natural concentrations [15] had a significantly higher critical threshold than populations without predation. The difference in critical threshold between the LC and LCP treatments is due to the additional number of individuals needed to compensate for mortality due to predation. The prey, V. fischeri, most likely overcame predation by satiation associated with a type II/III functional response, since C. roenbergensis stops filtering when prey fall below 2 cells ml 21 [16] .
This study detected the presence of an Allee effect, but the mechanism(s) leading to the critical density in the absence of predation are not yet understood. A candidate mechanism is quorum sensing, which detects density, and is important in V. fischeri's symbiosis with bobtail squid, Euprymna scolopes. Many other species have similar interactions based on population density [9, 17] . Populations that did not reach densities detectable by our methods were scored as failure to establish. We could not, therefore, differentiate between cell death and extremely slow growth (a doubling time at least an order of magnitude longer than usually observed). Cell dormancy is another possibility for bacteria and might suggest another way of reacting to reduced fitness at low density resulting in an overestimated Allee effect.
In conclusion, this work provides a mechanistic demonstration that our conceptual understanding of processes controlling microbial populations must be more complicated than the historic Baas-Becking tenet [1] , with important implications for health and biotechnology application (see electronic supplementary material). Microbial ecology has shown that many mechanisms controlling metazoans apply similarly to microorganisms [18] . This study contributes to this literature with an example of positive density dependence. 
